Abstract Microglial cells are activated in response to different types of injuries or stress in the CNS. Such activation is necessary to get rid of the injurious agents and restore tissue homeostasis. However, excessive activation of microglial cells is harmful and contributes to secondary injury. Pertinently, microglial cell activity was targeted in many preclinical and clinical studies but such strategy failed in clinical trials. The main reason behind the failed attempts is the complexity of the injury mechanisms which needs either a combination therapy or targeting a process that is involved in multiple pathways. Cofilin is a cytoskeleton-associated protein involved in actin dynamics. In our previous study, we demonstrated the role of cofilin in mediating neuronal apoptosis during OGD conditions. Previous studies on microglia have shown the involvement of cofilin in ROS formation and phagocytosis. However, additional studies are needed to delineate the role of cofilin in microglial cell activation. Therefore, in the current study, we investigated the role of cofilin in LPS-induced microglial cell activation using cofilin siRNA knockdown paradigms. The viability of differentiated PC12 cells was used as a measure of the neurotoxic potential of conditioned medium derived from cofilin siRNAtransfected and LPS-activated microglial cells. Cofilin knockdown significantly inhibited LPS-induced microglial cell activation through NF-κB and JAK-STAT pathways. The release of proinflammatory mediators (NO, TNF-α, iNOS, and COX2) as well as microglial proliferation and migration rates were significantly reduced by cofilin knockdown. Furthermore, differentiated PC12 cells were protected from the neurotoxicity induced by conditioned medium derived from cofilin-transfected and LPS-activated microglial cells.
Introduction
Microglia, the resident CNS macrophage, are the first line of defense against various infectious and injurious agents that breach the CNS. To perform their defense mechanism, microglia are equipped with different weapons like phagocytic activity, production of proinflammatory cytokines and chemokines, and production of cytotoxic reactive oxygen species (ROS) and nitrogen species (RNS). Paradoxically, excessive microglial activation is deleterious and is associated with brain injury which aggravates the initial trigger [1] .
Different pathologies and different injurious agents elicit microglial cell activation by different mechanisms. For example, ischemia leads to oxygen and glucose deprivation (OGD) which initiates neuronal cell death, ROS and RNS generation, and complement activation. As a consequence, dying cells release many danger-associated molecular patterns including ATP, nucleic acids, neurotransmitters, and high-mobility group box 1 (HMGB1) into the extracellular environment. These molecules have an important role in mediating microglial cell activation during ischemia [2, 3] . In addition to danger signals, many other substances including lipopolysaccharide (LPS), a bacterial endotoxin [4] , hemin and thrombin released during hemorrhage [5, 6] , β-amyloid (Aβ) [7] , interferon γ (IFN-γ), and other proinflammatory cytokines [8] can stimulate microglial activation and contribute to brain injury. However, different stimuli interact differently with the microglial cells and control proinflammatory cytokine expression by regulating the activity of one or more of the major proinflammatory transcription factors namely nuclear factor kappa B (NF-κB), activator protein 1 (AP-1), and signal transducer and activator of transcription 1 (STAT1) [9, 10] . Such signaling differences contribute to change in the intensity of activation as well as in the identity of the proinflammatory mediators released [11] .
Microglial activation is associated with several morphological and functional changes like transforming from a ramified to an amoeboid morphology and upregulation of proinflammatory proteins, with subsequent increase in cell proliferation, migration, and phagocytic activity [12] . Furthermore, cytokines and chemokines released from activated microglia induce leukocytes and macrophage infiltration from systemic circulation [13] . Collectively, these cells have an important role in mediating neuroinflammation and subsequent neurotoxicity through releasing different proinflammatory and cytotoxic substances [ROS, RNS, tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX2), and various matrix metalloproteinases (MMPs)], which induce neuronal and glial cell death as well as blood-brain barrier (BBB) disruption [14] .
To reduce neuroinflammation and associated neuronal injury, various treatment modalities have been tested targeting different pathways involved in microglial activation [15] . In preclinical studies, these agents were effective in reducing inflammation by inhibiting microglial cell activation. However, none of these agents were effective in clinical trials so far. This is mainly because other brain components like neurons, astrocyte, and BBB are also affected directly by injury in addition to the indirect effect mediated by microglial activation. Therefore, targeting microglial cells only will produce limited effect due to inability in preventing the direct effect. Accordingly, identifying and targeting a common pathway involved in neuronal cell death and microglial cell activation during brain injury will be promising.
Cofilin, an actin-associated protein, has an important role in maintaining rapid recycling of globular actin (Gactin) monomers by depolymerizing and severing filamentous actin (F-actin) [16] . Multiple regulatory kinases and phosphatases modulate cofili n activity through phosphorylation/dephosphorylation processes. Cofilin is inactivated by phosphorylation at Ser 3 by LIM kinase and TES kinase and reactivated through dephosphorylation by the phosphatases like slingshot (SSH), chronophin, and phosphoprotein phosphatases (PP1/PP2A) [17] . Studies have shown that cofilin hyperactivation during stressful conditions leads to both cofilin-actin rod formation and initiation of apoptosis which are involved in many neurodegenerative diseases [18, 19] . Similarly, we have shown in our previous study that cofilin inhibition restores the viability of primary cortical neurons subjected to OGD [20] . However, few studies investigated the role of cofilin in microglial cells focusing mainly on a single aspect. Therefore, further information is required on the role of cofilin in the processes associated with microglial activation like morphological changes, migration, proliferation, and proinflammatory mediator expression.
Our objective in the present study is to investigate the role of cofilin in microglial cell activation and associated neurotoxicity. Initially, we employed OGD and LPS as a microglial cell activator but we dropped OGD later due to inconsistency in data and used LPS only in subsequent experiment. Cofilin1 small interfering RNA (siRNA) was used to knockdown cofilin in microglial cells and tests the impact on LPSinduced microglial cell activation, proliferation, migration, phagocytosis, and viability. Furthermore, the viability of differentiated PC12 cells was used as a measure for the neurotoxic potential of conditioned medium derived from siRNAtransfected and LPS-activated microglia.
Materials and Methods

Cell Culture
Spontaneously immortalized microglial cells (SIM-A9 Cells), a generous gift from Dr. Kumi Nakamoto-Combs at the University of North Dakota, were grown in DMEM/F12 medium (HyClone, Thermo Scientific, West Palm Beach, FL, USA) supplemented with 5% horse serum (HS), 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin. To be used for our experiments, they were plated at the density of 1 × 10 6 cells/6-cm plate and 5 × 10 4 cells/well in a 24-well plate.
PC12 cells (ATCC, Manassas, VA, USA) were grown in DMEM (HyClone, Thermo Scientific) supplemented with 10% HS, 5% FBS, and 1% penicillin-streptomycin. To induce differentiation of PC12 cells into neurons, cells were plated at the density of 2 × 10 4 cells/well in 24-well plates and then incubated overnight. After that, the growth medium was replaced with the differentiation medium (DMEM supplemented with 50 ng/ml nerve growth factor (NGF) and 1% FBS) for a period of 7 days to allow for complete differentiation. To study the impact of cofilin knockdown in LPS-activated microglia on the survival of differentiated PC12 cells, a conditioned medium from microglial cells was added to differentiated PC12 cells. After 24 h of incubation, MTT viability assay was conducted.
Oxygen-Glucose Deprivation/Reperfusion Model of Ischemia
In this in vitro model of ischemia, SIM-A9 cells were deprived from oxygen and glucose as the growth medium was replaced with glucose free medium (HBSS phenol red medium) and then placed in oxygen free chamber that was rendered Fig. 1 Phosphocofilin and cofilin expression levels in response to OGD, OGD/R, and LPS. SIM-A9 microglial cells were treated with OGD for 1 h, OGD/R for 24 h, and LPS 100 ng/ml for 24 h, and then protein expression level was evaluated by WB. Although cytosolic (a) and nuclear (d) total cofilin level did not show any significant change in all treatment groups, p-cofilin level was significantly downregulated relative to total cofilin (b) and α-tubulin (c). Furthermore, p-cofilin level was significantly downregulated in LPS-treated group compared with OGD/R (b, c). α-Tubulin and histone H3 were used as a loading control for cytosolic and nuclear proteins, respectively. (e) Representative immunofluorescence pictures show cofilin (stained red) is localized predominantly in the cell periphery. After OGD and LPS treatment, cofilin is redistributed in the whole cell area. Scale bar is 25 μm. Data are expressed as mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 relative to control group. #P < 0.05, ##P < 0.01, ###P < 0.001 relative to OGD/Rtreated groups anaerobic by a sachet containing ascorbic acid (AnaeroGenTM, OXOID, Germany). Resazurin, an anaerobic indicator (Olower case, Ltd, UK), was used to sense for the oxygen level in the chamber. After that, the chamber containing cell culture plate, ascorbic acid sachet, and anaerobic indicator was tightly closed and placed in the incubator at 37°C. The complete lack of oxygen in the chamber is indicated by the change in the color of the indicator from pink to white, and the onset time for OGD was started. In the OGD model, SIM-A9 cells were subjected to 1 h OGD only, whereas for OGD/ reperfusion (OGD/R), cells were subjected to 1 h OGD followed by 24 h reperfusion period.
LPS-Induced Microglial Activation
LPS (100 ng/ml) was used to activate microglia in all experiments. To study protein expression levels by Western blotting (WB), SIM-A9 cells were plated in 6-cm plate and then stimulated with LPS for 24 h before cell lysis. In case of siRNA transfection experiments, cells were transfected with scrambled/cofilin siRNA for 72 h prior to LPS stimulation. To study phosphorylation/activation status of the transcription factors (NF-κB, SAPK/JNK, and STAT1), scrambled/cofilin siRNA-transfected SIM-A9 cells were stimulated with LPS for 1 h only before cell lysis. In case of MTT, NO, and ELISA assays, SIM-A9 cells were plated in 24-well plate, transfected with siRNA and then stimulated with LPS for 24 h.
MTT Cell Proliferation and Viability Assay
Cell viability and proliferation were determined using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. In this assay, the viability of siRNAtransfected SIM-A9 cells treated with OGD and LPS as well as differentiated PC12 cells, treated with microglia conditioned medium, were measured. Furthermore, the proliferation rate of transfected SIM-A9 cells at different posttransfection time intervals (12, 60 , and 84 h) was calculated. MTT assay protocol involves incubation of the cells (Microglia or differentiated PC12 cells) with MTT reagent (Promega Corporation, Madison, WI, USA) for 3 h in 5% CO 2 at 37°C. After that, the whole medium was discarded and DMSO was added to dissolve formazan crystals. Viable cells were quantified by measuring the absorbance at 570 nm.
Nitrite Assay
SIM-A9 cells were plated in 24-well plates and then transfected with scrambled/cofilin siRNA for 72 h prior to LPS stimulation. Cell culture medium from the respective wells was mixed with equal volume of Griess reagent (Sigma-Aldrich) in 96-well plates at room temperature. The amount of nitric oxide released into cell culture medium was quantified calorimetrically at 540 nm according to the manufacturer instructions.
Morphological Change Assay
SIM-A9 cells were plated in 24-well plates and then transfected with scrambled/cofilin siRNA for 72 h. Morphological changes associated with cofilin knockdown was quantified by measuring radius ratio which is equal to maximum radius over minimum radius [21] .
ELISA Assay
SIM-A9 cells were plated in 24-well plates, transfected with scrambled/cofilin siRNA and then stimulated with LPS. After that, the levels of TNF-α and IL-1β released into cell culture medium were quantified using commercially available ELISA kits (eBioscience, San Diego, CA, USA) according to the manufacturer protocol.
Scratch Migration Assay
SIM-A9 cells were cultured in 24-well plates and then transfected with scrambled/cofilin siRNA for 72 h. By using a sterile 200-μl pipette tip, a scratch was made in the middle of each well followed by washing with PBS to remove damaged cell remnants. At different time intervals (6, 12 , and 24 h), cells migrated to the scratched area were imaged and then the percent of area they occupied were measured using ImageJ software.
Phagocytosis Assay
To test the impact of cofilin knockdown on the phagocytic activity of microglia, SIM-A9 cells were plated in 96-well plate at the density of 1 × 10 4 cells/well and then transfected with scrambled/cofilin siRNA for 72 h. LPS activation was continued for 24 h after transfection followed by incubation with 0.125 mg/ml FITC-conjugated Escherichia coli (E. coli) bioparticles (Life Technologies, Carlsbad, CA, USA) for additional 6 h. The unphagocytosed bioparticles were quenched by washing for 1 min with 0.25 mg/ml trypan blue, and the amount of phagocytosed FITC labeled particles were quantified by measuring fluorescence excitation/emission at 494/ 518. Furthermore, cells with phagocytosed fluorescent bioparticles were imaged using fluorescent microscope.
Immunocytochemistry SIM-A9 cells subjected to OGD and LPS treatment were fixed using 4% paraformaldehyde and then treated with 0.3% of Triton X-100. After that, cells are blocked with 3% bovine serum albumin (BSA) and then incubated with rabbit anticofilin (1:400; Cell Signaling Technology, Danvers, MA, USA) primary antibody overnight at 4°C. Texas red-labeled donkey anti-rabbit secondary IgG antibody (1:500; Jackson ImmunoResearch, West Grove, PA, USA) was used at room temperature for 1 h. F-actin staining was performed using one unit of phalloidin (Invitrogen, Carlsbad, CA, USA). After rinsing with PBS, the coverslip was mounted with DAPI (Santa Cruz Biotechnology, Santa Cruz, CA, USA) over the glass slide, and the gap was sealed. Cells were imaged after that using confocal fluorescent microscopy and the corrected total cell fluorescence was measured using ImageJ software.
Subcellular Fractionation and Western Blotting
To obtain subcellular fractions, SIM-A9 cells were harvested using ice-cold lysis buffer [250 mM sucrose, 1.5 mM MgCl 2 , 10 mM KCl, 20 mM HEPES (pH 7.5), 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), 50 mM NaF, 10 mM Na vanadate, 20 mM Na pyrophosphate, and Fig. 2 Cofilin knockdown by siRNA and its associated effect on microglial cell morphology. a Microglial cells were transfected with scrambled/cofilin siRNA at 25 and 50 nM concentrations for 72 h and then harvested for WB analysis. Cofilin siRNA at 25 and 50 nM concentrations reduced cofilin expression level significantly 72 h posttransfection. Although no significant difference was detected between the two concentrations used, the trend with cofilin siRNA 50 nM was higher. α-Tubulin was used as a loading control for cytosolic proteins. (b, c) Microglial cells were transfected with scrambled/ cofilin siRNA at 50 nM for 72 h, and then the changes in cell morphology associated with cofilin knockdown were imaged (c) and quantified (b). Cofilin knockdown reduced the radius ratio (maximum radius over minimum radius) significantly relative to scrambled siRNA (b). Furthermore, cofilin-transfected cells imaged at ×10 and ×20 magnifications were almost round in shape while their control showed different morphology (c). The ×20 magnification images were used to measure the radius ratio in (b). Data are expressed as mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01 relative to scrambled siRNA control group protease inhibitor cocktail (Thermo Scientific)]. Cell homogenates were kept on ice for 15 min and then NP-40 was added at 0.5% for 2 min more. Nuclear pellet was sedimented after that by centrifugation at 14,000×g for 10 min. The resultant supernatant represents the cytosolic fraction. Nuclear pellets were resuspended in the nuclear lysis buffer [20 mM HEPES pH 7.9, 20% glycerol, 0.5 M NaCl, 1.5 mM MgCl 2 , 1% Triton-X-100, 1 mM DTT, 1 mM PMSF, 50 mM NaF, 10 mM Na vanadate, 20 mM Na pyrophosphate, and protease inhibitor cocktail (Thermo Scientific)]. Nuclear suspension was kept on ice for 30 min and then centrifuged at 9000×g for 30 min to obtain nuclear fractions. Protein concentrations were determined using Bradford reagent (Bio-Rad Laboratories, CA, USA), and samples were analyzed by loading equivalent amounts of protein (5-50 μg) onto 10-15% SDS-polyacrylamide gels. Proteins separated on the gels were transferred onto a pretreated PVDF membrane and were blocked with 3% BSA for 1 h to prevent non-specific binding. Afterward, the membrane was incubated overnight at 4°C with the following primary antibodies: rabbit antiphosphocofilin (1:1000; Abcam, Cambridge, MA, USA), rabbit anti-cofilin, rabbit anti-α-tubulin, rabbit anti-histone H3, rabbit anti-phospho-SAPK/JNK, rabbit anti-NF-κB p-65, and rabbit anti-phospho-STAT1 (1:2000; Cell Signaling Technology). Following the incubation, the blots were washed and incubated with horseradish peroxidase (HRP) conjugated goat anti-rabbit secondary antibody (1:6000; Jackson ImmunoResearch) for 1 h at room temperature. α-Tubulin was used as a loading control for cytosolic proteins and histone H3 for nuclear proteins. The images were analyzed using Bio-Rad ChemiDoc™ XRS Image Lab Software.
Cofilin siRNA Microglial Transfection
SiGENOME SMARTpool mouse cofilin1 siRNA with the following sequences AGACAAGGACUGCCGCUAU, G G U G G C A G C G C C G U C A U U U , G U U C G C A A GUCUUCAACAC, and GAGAAUGCACCCCUCAAGA was ordered from GE Healthcare Dharmacon, Inc. Furthermore, scrambled siRNA was used as a control. SIM-A9 cells were plated at the density of 2 × 10 5 cells/ml and then transfected with scrambled/cofilin1 siRNA at 25 and 50 nM concentrations. Xfect transfection reagent (Clontech Laboratories, Inc. Mountain View, CA, USA) was used to perform the transfection experiment according to the manufacturer's instructions. Briefly, in two separate sets of microtubes, siRNA and Xfect transfection reagent were diluted using Xfect buffer. Meanwhile, the transfection reagent was added to the siRNA and kept at room temperature for 20 min to ensure complex formation. After that, transfection mix was added to the cell culture and then incubated back for 72 h before starting OGD and LPS treatment.
Statistical Analysis
The experimental results were expressed as the mean ± SEM and are accompanied by the number of observations (independent preparations of cultured cells). Data were analyzed by ANOVA followed by Newman-Keuls using GraphPad Prism (GraphPad Software, San Diego, CA). Furthermore, Student's unpaired t test was used to determine significant differences between two groups. A value of p < 0.05 is considered to be statistically significant.
Results
Cofilin Is Highly Activated During OGD, OGD/R, and LPS Treatment
To investigate cofilin activation status in SIM-A9 cells during OGD, OGD/R, and LPS treatment, cofilin and phosphocofilin expressions were tested by WB. Although cofilin expression did not show any change (Fig. 1a) , phosphocofilin expression was significantly reduced (P < 0.05) during OGD, OGD/R, and LPS treatment relative to total cofilin and α-tubulin (Fig. 1b, c, respectively) . Furthermore, LPS treatment induced highly significant cofilin activation (P < 0.05) compared with OGD/R group (Fig. 1b, c) . Compared to OGD/R group, the trend of cofilin activation was higher with OGD (Fig. 1b, c) and therefore OGD condition only, together with LPS, were used to activate microglia in the subsequent experiments. To test for any possibility of translocation between nuclear and cytosolic fraction, nuclear cofilin level was tested. Among the treatment groups tested, no significant changes in nuclear cofilin levels were detected with regard to control group (Fig. 1d) . To confirm our WB findings, an immunocytochemical staining of cofilin in SIM-A9 cells stimulated with OGD and LPS was conducted. In unstimulated SIM-A9 cells, cofilin was localized mainly in the cytosol at cell periphery (Fig. 1e, control) . However, microglial cell activation with OGD and LPS induced cofilin redistribution in the whole cellular area (Fig. 1e, OGD and LPS) . Analysis of the total cofilin immunofluorescence intensity with ImageJ software showed statistically non-significant differences (figure not shown). (c, d) . The data was expressed as mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 relative to scrambled siRNA group without treatment (LPS and OGD). ns non-significant
Cofilin Knockdown Changed Microglial Cells Morphology
Since we detected significant activation of cofilin during OGD, OGD/R, and LPS treatment, our next step was to inhibit cofilin activity. Because no cofilin inhibitor is available so far, we used cofilin siRNA technique to knockdown cofilin and then test the impact of LPS and OGD challenge on microglial cell activation. In the beginning, two control groups were used with and without scrambled siRNA, but later we continued with scrambled siRNA only since no difference was detected (data not shown). Cofilin siRNA at 25 and 50 nM concentrations showed highly significant reduction in cofilin expression level (P < 0.01). However, no significant difference was detected between the two concentrations used (P = 0.26) although the trend with 50 nM concentration was more (Fig. 2a) . Therefore, cofilin siRNA at 50 nM concentration was used in the subsequent experiments. Additionally, cofilin siRNA-transfected cells were almost round in shape compared to scrambled siRNA-transfected cells (Fig. 2c) . Such cofilin-associated morphological changes were highlighted by measuring the radius ratio which was significantly less (P < 0.05) in cofilin siRNA-transfected cells (Fig. 2b) .
Cofilin Knockdown Reduces Both Microglial Cell Proliferation as well as LPS-Induced Microglial Cell Death
Our experimental design is shown in Fig. 3a . During inflammatory reaction, activated microglia undergo proliferationand activation-induced cell death. Therefore, our objective in this experiment was to test the effect of cofilin knockdown on microglial cell proliferation as well as LPS-and OGD-induced cell death using MTT assay. Microglial cell proliferation at 60 and 84 h posttransfection was significantly reduced (P < 0.001) by cofilin knockdown as shown in Fig. 3b . However, no significant change in cell proliferation was detected 12 h posttransfection. Such highly significant reduction in cell proliferation with cofilin knockdown was considered in the subsequent experiments. Regarding LPS and OGD-induced cell death, cofilin-transfected cells were resistant to cytotoxic LPS effect as shown in Fig. 3c . In OGD experiment, both scrambled and cofilin-transfected cells showed the same susceptibility to OGD, and no significant difference was detected between them (Fig. 3d) .
Cofilin Knockdown Inhibits LPS-Induced Microglial Cell Activation
Activated microglial cells release and express different proinflammatory substances which have an important role in mediating neuroinflammation. Accordingly, our next objective was to test the impact of cofilin knockdown on LPS-induced microglial cells activation. Using NO release assay, cofilin knockdown significantly inhibited LPSinduced NO release (P < 0.001), as shown in Fig. 4a . Furthermore, considering cell density by dividing over MTT values did not change the result significantly (data not shown). However, OGD did not show any increase in NO release (Fig. 4b) . Therefore, only LPS was used as a microglial cells activator in the subsequent experiments. Next, the effect of cofilin knockdown on LPS-induced iNOS and COX2 expression was tested by WB. The expression level of iNOS and COX2 was significantly reduced by cofilin knockdown as shown in Fig. 4c and d , respectively. Using ELISA assay, the level of TNF-α but not IL-1β was significantly reduced (P < 0.001) by cofilin knockdown in LPS-stimulated groups (Fig. 4e, f) .
Cofilin Knockdown Inhibits Microglial Cell Migration and Modulate Phagocytosis
Other characteristics of activated microglial cells include migration and phagocytosis to get rid of the injurious agent. Scratch assay was conducted to test the effect of cofilin knockdown on microglial cells migration. At different time intervals, the number of microglial cells migrated to the scratched area (represented by the percent of area occupied) was significantly less (P < 0.01) in cofilin siRNA-transfected cells (Fig. 5a, b) . Different time periods (6, 12 , and 24 h) were considered to reduce the impact of cell proliferation in the scratched area. Next, the effect of cofilin knockdown on microglial cells phagocytic activity was tested using FITC-labeled E. coli bioparticles. Cofilin knockdown reduced microglial cells phagocytic activity significantly (P < 0.01) in both LPS-stimulated and unstimulated groups. However, LPS-stimulated group exhibited highly significant (P < 0.05) phagocytic activity Fig. 4 The effect of cofilin knockdown on LPS-induced microglial cells activation. (a, b) Microglial cells were transfected with scrambled/cofilin siRNA at 50 nM concentration for 72 h and then treated with LPS (100 ng/ml) or OGD for 1 h. Nitrite release assay was done after that by mixing 100 μl of cell culture medium with 100 μl of Griess reagent. Relative to LPS-treated control, NO release was significantly reduced by cofilin knockdown. Furthermore, no significant difference in NO release was detected between LPS-untreated groups (scrambled and cofilin) and LPS-treated cofilin-transfected group (a). In OGD-treated groups, no significant increase in NO release was detected (b). (c-f) Microglial cells were transfected with scrambled/cofilin siRNA at 50 nM concentration for 72 h and then treated with LPS (100 ng/ml) for further 24 h. Cell culture medium was used for ELISA assay of TNF-α and IL-1β (e, f), and cell lysate was used for WB analysis of iNOS and COX2 expression (c, d). Relative to LPS stimulated control, cofilin knockdown reduced LPS-induced iNOS (c) and COX2 (d) expressions significantly. Furthermore, no significant differences in iNOS and COX2 levels was detected between LPS-untreated groups (scrambled and cofilin) and LPStreated cofilin-transfected group. α-Tubulin was used as a loading control. In ELISA assay, LPS treatment increased TNF-α level significantly in both groups (scrambled and cofilin transfected), compared to unstimulated scrambled control group. In LPS-treated groups, TNF-α level was significantly less in cofilin-transfected group (e). Similarly, IL-1β release was also reduced by cofilin knockdown but the reduction did not reach the level of significance (P = 0.2) (f). Data are represented as mean ± SEM of three independent experiments. **P < 0.01, ***P < 0.001 relative to scrambled siRNA group without LPS treatment. #P < 0.05, ###P < 0.001 relative to scrambled transfected and LPS-treated group compared with unstimulated one (Fig. 5c) . Furthermore, the fluorescent intensity in LPS-activated groups (scrambled and cofilin siRNA) was higher than that in unstimulated groups (Fig. 5e) . If we consider the damaging effect of LPS and the proliferation inhibitory effect of cofilin knockdown by dividing FITC fluorescence over MTT absorbance, phagocytic activity will be significantly higher (P < 0.01) in LPS-stimulated and cofilin-transfected group (Fig. 5d) . LPS activation also increased phagocytic activity in scrambled siRNA-transfected cells although such increment was statistically non-significant (Fig. 5d) .
Cofilin Knockdown in Microglial Cells Protects Differentiated PC12 Cells from the Neurotoxic Conditioned Medium of LPS-Activated Microglia
To test the neurotoxic potential of the activated microglia, a conditioned medium of siRNA-transfected and LPS-activated cells was added to differentiated PC12 cells and incubated for 24 h. The viability of treated PC12 cells was measured after that using MTT assay. The conditioned medium derived from microglia transfected with scrambled siRNA-induced highly significant neurotoxicity (P < 0.01) in differentiated PC12 cells. However, no signs of toxicity were detected in cells treated with conditioned medium derived from cofilin-transfected microglia as shown in Fig. 6 .
Cofilin Knockdown Inhibits LPS-Induced NF-κB and STAT1 Activation
As we showed in Fig. 4 , cofilin knockdown inhibited LPSinduced microglial cell activation by reducing NO, TNF-α, and IL-1β levels as well as iNOS and COX2 expression. However, cofilin regulatory mechanism on microglial cells activation needs to be investigated. Accordingly, we tested the effect of cofilin knockdown on LPS-induced activation of the major transcription factors involved in microglial cells activation namely NF-κB, JNK, and STAT1. Although cofilin knockdown did not show any significant effect on the expression level of the cytosolic NF-κB (Fig. 7a) , nuclear translocation was significantly inhibited (P < 0.001) as shown in Fig. 7b . Similarly, STAT1 activation was significantly inhibited (P < 0.01) by cofilin knockdown (Fig. 7d) . However, active p-JNK did not change significantly by cofilin knockdown (Fig. 7c) .
Discussion
In our previous study, we highlighted the major role of active cofilin in mediating neuronal cell apoptosis triggered by OGD and chemical stressors [20] . Similarly, our present study emphasized the key role of active cofilin in mediating microglial cell activation triggered by LPS. Altogether, our previous and present study identified cofilin as a common target in neurons and microglial cells and its inhibition might be a promising therapeutic option for different acute and chronic brain injuries [22] .
Microglia-the guardians of the brain-maintain CNS homeostasis and integrity through their diverse and highly sensitive surface receptors. Normally, microglia survey and sense the external environment and clear any encountered foreign body or damaged cellular debris through their phagocytic activity [23] . Additionally, microglia regulate adult neurogenesis and synaptic plasticity [24, 25] . However, excessive microglial activation or microgliosis is detrimental and involved in the pathogenesis of many acute brain injuries like stroke and spinal cord injury as well as chronic neurodegenerative diseases like Alzheimer's disease, Huntington disease (HD), Parkinson's disease, and amyotrophic lateral sclerosis Fig. 6 The effect of conditioned medium derived from cofilintransfected and LPS-treated microglia on differentiated PC12 cells viability. Microglial cells were transfected with scrambled/cofilin siRNA at 50 nM concentration for 72 h and then treated with LPS (100 ng/ml) for 24 h more. Afterward, microglial cells conditioned medium was added to differentiated PC12 cells and incubated for 24 h. MTT viability assay was done to assay the neurotoxic potential of the conditioned medium. Differentiated PC12 cells viability was significantly reduced by treatment with the conditioned medium derived from scrambled transfected and LPS-activated microglia. However, cofilin knockdown in microglial cells protect differentiated PC12 cells from the neurotoxic effect of the conditioned medium. Data are expressed as mean ± SEM of three independent experiments. **P < 0.01 relative to scrambled siRNA group without LPS treatment. ##P < 0.01 relative to scrambled transfected and LPS-treated group Fig. 5 The effect of cofilin knockdown on microglial cells migration and phagocytic activity. Microglial cells were transfected with scrambled/ cofilin siRNA at 50 nM concentration for 72 h, and then a scratch was made in the middle of each well of 24-well plate. Microglial cells migrated to the scratched area were imaged at ×20 magnification (b), and then the percentage of area occupied by migrated cells was calculated at 6, 12, and 24 h (a) using ImageJ software. Cofilin knockdown reduced microglial cell migration significantly at all time intervals tested (a). c-e Microglial cells were transfected with scrambled/cofilin siRNA at 50 nM concentration for 72 h and then treated with LPS (100 ng/ml) for 24 h more. After that, FITC-labeled E. coli bioparticles were added at 0.125 mg/ml and incubated for 6 h. Trypan blue was used to quench unphagocytosed particles, and the fluorescence intensity of phagocytosed particles was imaged using fluorescent microscope (e) and quantified using Synergy H1 Hybrid Reader at fluorescence excitation/emission of 494/518 (c, d). Cofilin knockdown reduced microglial cell phagocytic activity significantly (c). However, by dividing FITC-fluorescence over MTT absorbance (to consider cell density), phagocytic activity was higher in cofilintransfected and LPS-treated group (d). In general, LPS treatment increased phagocytic activity in all groups as shown in d and e. Furthermore, in cofilin-transfected groups, phagocytic activity was significantly higher in LPS-treated one (c, d). Data are expressed as mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 relative to scrambled siRNA group without LPS treatment. #P < 0.05, ##P < 0.01 relative to cofilin-transfected and LPS-untreated group. ns non-significant [26, 27] . Furthermore, recent studies have shown that reactive microglia are also involved in cognitive impairment and psychiatric disorders [28] . Such consequences that follow microglial activation are mediated mainly by overexpression of cytotoxic proinflammatory cytokines, proteases, and generation of ROS/RNS [14] . These cytotoxic agents target not only neurons but also other brain components including astrocytes, oligodendrocytes, and BBB and aggravate the initial injury [29] [30] [31] . Accordingly, microglia are the major player in neuroinflammation and its targeting represent one of the important neuroprotective therapeutic strategies [32] .
Phosphatases like SSH and chronophin are activated in response to different intracellular and extracellular signals like ROS [33] , elevation in intracellular Ca 2+ [34] , and drop in intracellular ATP [35] , resulting in cofilin activation and actin dynamic disruption. Therefore, cofilin activation in microglial cells subjected to OGD (Fig. 1b, c) is mainly attributed to OGD-induced ATP drop and ROS formation [36] . On the other hand, it has been shown that treatment of alveolar epithelial cells, lymphocytes, dendritic cells, and macrophages with LPS induces actin reorganization and cofilin activation [37] [38] [39] . In lymphocytes, induction of SSH mediates LPSinduced cofilin activation [38, 40] . In a similar way, SSH may be involved in LPS-induced cofilin dephosphorylation and activation in microglial cells (Fig. 1b, c) .
Through controlling actin dynamics, cofilin has an important role in maintaining cell shape and morphology, proliferation, migration, and phagocytic activity [41, 42] . In resting cells, cofilin is localized to the regions with high actin turnover like leading edge of the plasma membrane [42, 43] . Upon cell stimulation, cofilin is activated and redistributed in the cytoplasm and other compartments leading to change in cell morphology [44, 45] . Similarly, cofilin knockdown is associated with the increased F-actin amounts and change in cell shape [42] . Such evidences are in concordance with our immunohistochemical findings that show cofilin redistribution and round cell morphology upon stimulation with OGD and LPS. The same pattern was found in our cofilin knockdown Fig. 7 The effect of cofilin knockdown in microglia on LPSinduced NF-κB, JNK, and STAT1 activation. Microglial cells were transfected with scrambled/cofilin siRNA at 50 nM concentration for 72 h and then treated with LPS (100 ng/ml) for another hour. Protein expression levels for cytosolic NF-κB (a), nuclear NF-κB (b), p-JNK (c), and p-STAT1 (d) were evaluated using WB. Relative to LPS-treated and scrambled transfected group, cofilin knockdown reduced nuclear translocation of NF-κB significantly (b). STAT1 activation was also significantly reduced by cofilin knockdown (d). However, no significant effect for cofilin knockdown on JNK activation (c) and cytosolic NF-κB expression (a) was detected. Data are expressed as mean ± SEM of three independent experiments. *P < 0.05, ***P < 0.001 relative to scrambled siRNA group without LPS treatment. ##P < 0.01, ###P < 0.001 relative to scrambled transfected and LPStreated group. ns non-significant experiment which resulted in almost round cell morphology of microglia compared to scrambled siRNA.
Actin has a key role in cell division and proliferation through constructing the contractile ring at the cleavage furrow [46] . In the later stage of cell division, cofilin is activated and mediates F-actin disassembly which is an essential step in cytokinesis [47, 48] . Cofilin also has an important role in cell migration process through controlling the formation of lamellipodial protrusions [49] . In agreement with our findings in Fig. 3 , n-cofilin null macrophage exhibited impairment in proliferation and migration [42] . Furthermore, primary microglia isolated from early postnatal HD mice exhibited reduction in cofilin expression and impairment in migration [50] . The correlation between phagocytosis and actin dynamics is well established [51] , but the nature of this correlation is still controversial. Some reports stated that cofilin inhibition enhances phagocytic activity [42, 52] whereas others reported reverse trend [53, 54] . However, our findings showed that cofilin knockdown enhances phagocytic activity at the cellular level and reduces it at the whole culture level. This is mainly because of reduction in cell proliferation which is illustrated by decreased number of phagocytosing cells.
Beside its function in maintaining cell morphology, motility, migration, and proliferation, actin is also involved in different signaling pathways [55, 56] . The role of actin cytoskeleton in signal transduction is well studied using actin targeting natural compounds [57] . Latrunculin B and cytochalasin D, F-actin depolymerizing agents, enhance cytokine production in T lymphocyte through activation of nuclear factor of activated T cells (NFAT) [56] . Conversely, Jasplakinolide, F-actin stabilizing agent, inhibits T cell signaling [58] . Additionally, it has been shown Fig. 8 The proposed role of cofilin in mediating LPS stimulatory effect on microglia. LPS binding to TLR-4 initiates Src activation which subsequently leads to induction of p-65 NF-κB, STAT1, and cofilin. Basically, active cofilin regulate actin dynamics and control cell morphology, proliferation, migration, and phagocytosis. Moreover, active cofilin has a signaling role through controlling the activity of Src-activated transcription factors, p-65 NF-κB, and STAT1. These factors initiate neurotoxicity by regulating the expression of different cytotoxic materials like TNF-α, IL-1β, ROS, and RNS. Dashed arrows indicate that these pathways are established in cell types other than microglia and macrophage. Solid arrows indicate that these pathways are established in microglia or macrophage. Active pathway ; inactive pathway that cofilin regulates nuclear translocation of NF-κB in thrombin-induced endothelial cell inflammation [59] . In another recent study, SSH1 depletion impairs pathogeninduced NOD1 signaling through inhibiting NF-κB activation [60] . Such evidences confirm the direct correlation between actin and cofilin and NF-κB activation. It has also been shown that LPS induces microglial cell activation via NF-κB, JAK-STAT, and JNK stress kinase pathways [30] . However, the role of cofilin in LPS-induced activation of JNK and STAT1 is still unclear. Interestingly, our findings showed that cofilin knockdown in microglia inhibited two (NF-κB and STAT1) out of three induced transcription factors which consequently lead to highly significant reduction in the levels of NO, iNOS, COX2, and TNF-α. Such reduction in these mediators may justify the protective effect of cofilin knockdown on LPS-induced microglia cell death [61] as well as microglial conditioned mediuminduced differentiated PC12 cell death [62] . Accordingly, inhibiting two basic transcription factors involved in microglial cell activation may be a novel therapeutic strategy for different microglia-associated CNS injuries [63] . However, further future in vivo studies are warranted to test the impact of cofilin inhibition on different models of microglia-induced inflammatory diseases. Furthermore, the role of cofilin in astrocytes and BBB endothelial cells is still unknown, and therefore, future studies are recommended.
The proposed mechanism that clarifies the active role of cofilin in mediating LPS effect to proinflammatory transcription factors and actin cytoskeleton is illustrated in Fig. 8 . The figure demonstrates that Src kinase mediates the effect of LPS from toll-like receptor 4 (TLR4) to NF-κB, STAT1, and cofilin activation [53, 64] . Regarding Src effect on cofilin activation, active Src works together with the recruited focal adhesion kinase (FAK) to activate paxillin which can activate cofilin indirectly [53, 65] . However, activation of phosphatases like SSH or inhibition of kinases like LIMK is the proposed mechanism by which Src kinase induces cofilin activity. Nevertheless, active cofilin enhances actin dynamics and lead to changes in cell morphology, proliferation, migration, and phagocytic activity. Furthermore, active cofilin regulates nuclear translocation of NF-κB [66] , but STAT1 activation mechanism by cofilin is unknown and needs further investigation. Altogether, activated proinflammatory transcription factors induce the expression of wide range of neurotoxic proinflammatory mediators which results in neurotoxicity and neurodegeneration.
In conclusion, cofilin mediates LPS-induced microglial cell activation and associated neurotoxicity which is significantly inhibited by cofilin knockdown. Furthermore, our current findings supported by our previous study recognized cofilin as a common target in neurons and microglial cells and its targeting will be a promising therapeutic option for different CNS injuries.
